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ABSTRACT: Composite materials have complex failure modes that
inciude delamination. fiber debonding and breakage. and matrix mi-
crocracking. In this paper. the influence of these damage modes on
the failure of the short-beam three-point bend test is investigated for
a composite with a quasi-isotropic layup. Failure is found to initiate
in a region near the point of application of the load. a location where
classical-type analytical descriptions of specimen behavior are unre-
liable. Furthermore, the locations of failure show little reproducibil-
ity. Observed fracture behavior is explained in terms ot the overall
stress state in the beam before fracture, and failure is predicted from
the stress map, using the maximum strain criterion.
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The three-point short-beam bending test (ASTM Test for Ap-
parent Intertaminar Shear Strength of Parallel Fiber Composites
by Short-Beam Method D 2344), as shown in Fig. 1, has long
been used to quantify the shear strength of laminated composite
materials. The interlaminar shear stress at failure is then cal-
culated using the equation

3P
T = 1
= M
where
7, = interlaminar shear stress,
P = applied load at failure, and
A = cross-sectional area of the specimen.
The standard procedure for the short-beam shear test is in-

tended for use with unidirectional composites with fibers oriented
along the length of the specimen. Equation 1 is based on a
parabolic through-the-thickness shear stress distribution with a
maximum at the beam midplane. This simple strength of ma-
terials analysis neglects the effects of stress concentrations and
material anisotropy.

'Formerly, graduate research assistant, School of Aerospace Engi-
neering, Georgia Institute of Technology. Atlanta, GA: presently. sim-
ufation engineer, Space Kinetic Impact and Debris Branch, Phillips Lab-
oratory, Kirktland Air Force Base, NM §7109.

2Associate professor, School of Aerospace Engineering, Georgia In-
stitute of Technology. Atlanta, GA 30332-0130.
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This test is frequently used to screen materials based on their
interlaminar shear strength. However, there i< corcarn that nee
of the test relies upon incorrect assumptions concerning the na-
ture of the failure process.

Whitney and Browning, in Ref /. in examining the failure of
unidirectional short-beam specimens. discovered that pure Mode
II failure along the specimen midplane was not the mode of
fracture. Rather. compressive stresses in the regions of high in-
terlaminar shear stress were found to suppress interlaminar-shear
failure modes, and initial damage as a result of vertical cracking
was found to precede final failure caused by large-scale delam-
ination. If the failure process is this complex, then the applied
load at failure does not depend solely on the interlaminar shear
strength, making the test useless for its intended purpose.

The elastoplastic finite element analysis of Berg et al. [2] showed
extremely high shear stresses near the load nose. and the finite
difference analysis of Sandorff {3] showed that St. Venant's prin-
ciple is not satisfied in an orthotropic beam of low span-to-depth
ratio, with the result that the stress conccntration effects near
the load nose and the supports are never dissipated.

Because of this uncertainty. there is a need for reexamination
of the short-beam three-point bend specimen for specific com-
posite configurations. Such an examination must determine
whether a simple relationship between loading and fracture ex-
ists, and if not, what fracture processes are taking place. The
current effort answers these questions for a graphite/epoxy lam-
inatc with a quasi-isotropic layup.
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FIG. | —The three-point short-beam test.
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General Failure Analysis

Specimen Design and Testing

The subject of the investigation was a short-beam specimen
with dimensions given in Table 1. A sample panel was fabricated
and inspected for quality, using standard aerospace industry prac-
tice, befoie sectioning into specimens. Two fiberglass plies, each
of thickness .457 mm (0.018 in.). were bonded to the upper
and lower surfaces to minimize the bearing effect at the supports
and the applied load location.

The material properties for the graphite/epoxy and the fiber-
glass plies are given in Table 2. The material was an AS4/3502
graphite/epoxy system. and the layup was [F45/0/90],,. Failure
load data for four specimens tested to failure in three-point bend-
ing are given in Table 3. The shear strength predictions in the
table are based on Eq 1. The failed specimens were sectioned
with a silicon carbide saw, and the sections were analyzed using
a scanning electron microscope (SEM).

Numerical Methods

Numerical analysis of the specimen concentrated on the phe-
nomenon of delamination. Delamination analysis can be based
on two approaches: the strain energy release rate approach and
the interlaminar stress approach. The interfaminar stresses de-
velop at interfaces between plies to keep the laminate in a state
of equilibrium and kinematic compatibility. Delamination occurs
when these stresses reach the interlaminar strength of the ma-
terial. The strain energy release rate approach is based on the
actual process of fracture, rather than the <trength concept. De-
lamination can propagate when the strain energy release rate at

TABLE 1— Dimensions of quasi-
isotropic short-beam specimen, mm
(in.) (see Fig. I for nomenclature).

L 2440 (1.00)

¢ 15.875 (0.625)
e 0.457 (0.018)
bnt 7.188 (0.283)
B 9.525 (0.375)

TABLE 2— Praperties of specimen constituent materials.

Constant AS4:3502 Fiberglass

E, 141.34 GPa (20.50 Msi) 21.99 GPa (3.19 Msi)
E.. = En 11.51 GPa (1.67 Msi) 21.99 GPa (3.19 Msi)
G = G 6.00 GPa  (0.87 Msi) 3.93 GPa (0.57 Msi)
G, 3.45 GPa (0.50 Msi) 2.96 GPa (0.43 Msi)
Vis = s 0.26 11

Vi, 0.43 0.42

TABLE 3— Failure loads of quasi-isotropic short-beam specimens.

Test Load Shear Strength
1 4559 N (1025 lbs) 47091 kPa (6830 psi)
2 4982 N (1120 Ibs) 55820 kPa (8096 psi)
3 4693 N (1055 1bs) 4656} kPa (6753 psi)
4 5894 N (1325 Ibs) S3090 kPa (7700 psi)

the crack front is suffictent to overcome the material’s tracture
resistance or toughness.

Finite-clement method (FEM) analvsis of the specimen was
performed using two codes: Engincering Analysis Language
(EAL), a linear code, and Geometrically and Materially Non-
linear Analysis of Structures (GAMNAS). a NASA-developed
code described in Ref 4. Both codes were run using meshes
consisting entirely of four-noded. rectangular clements, using a
two-dimensional (2-D) plane-stress model. Both meshes consid-
ered one ply to be one element thick. The EAL mesh used
elements of aspect ratio 5: 1, except within five-ply thicknesses
of the load nose and support, where the ratio was 1:1. These
ratios were not the same in the fiberglass plies. which were also
~ne element thick but had a greater real thickness than the other
plies. The EAL mesh modelled only one half of the specimen.
taking advantage of the symmetry of the problem about the
loading axis. Figure 2 shows the mesh used for the EAL model.
The number of elements is 1900, and the total number of degrees
of freedom is 3940. The heavy horizontal line in the figure cor-
responds to an assumed crack.

Subsequent EAL models involving assumed cracks in the spec-
imen near the free end also had mesh refinement to an aspect
ratio of 1:1 in the vicinity of the crack tip. These models were
used to find the strain energy release rates associated with the
assumed cracks using the zero-length element method vutlined
in Ref 5.
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FIG. 2 —Schematic of the £AL mesh.




The GAMNAS model did not use a symmetry plane. and all
elements were of approximate aspect ratio 4:1, except for ele-
ments in the fiberglass plies, which were of approximate aspect
ratio 1.2:1. There are 2600 elements and 5404 degrees of free-
dom in this mesh. The mesh is coarse in comparison with the
EAL discretization, since the element is based upon a nonlinear
formulation.

The GAMNAS model was used to predict the stress field in
the specimen using an assumption of geometric nonlinearity. The
EAL model was used to predict the strain energy release rate
using the zero-length element, as well as the stress field. Com-
parison of the stress field results from the wo codes showed
geometric nonlinearity effects to be negligible. This supports the
use of the linear EAL model. which was much simpler to use
for a large number of similar but nonidentical configurations.

Results of Numerical Analysis

Stress Mups— Table 4 shows the locations of delamination fail-
ure observed visually by the naked eye and using an optical
microscope at x 30 magnification for a representative group of
samples. Figure 3 shows the ply- and interface-numbering scheme.
The table lists, for each interface, the number of specimens in

TABLE 4— Locations of failure of
short-beam specimens.

Location, Number of
Interface No. Failures
14 S
11 2
7 2
6 2
12 1
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FI1G. 3—PIy and interface numbering.
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which final failure was observed for that interface. Since the
layup includes S0 plies. there are 49 interfaces. of which Interface
25 is the midplane. It is seen that the failures took place well
away from the midplane. Note the large amount of variaticen in
the locations of delamination. No single interface accounts for
even a majority of the observed failures. This would not be the
casc if fracture was driven by a simple mechanical process. In
other maternials, such variation in fracture behavior might be
attributed to the random distribution of material defects. Several
types of processing defects. such as voids, resin-rich areas. and
bridged fibers, can affect fracture behavior. However. such de-
fects usually do not drive fracture behavior to the extent found
in Table 4. Also note that several specimens showed additional,
secondary cracking above the midplane, indicating a complex
failure process. It was observed that the delaminations did not
extend for the full length of the specimen. Finallv, note that all
of the specimens in which one primary delamination appcared
to the naked eye had that singie delamination below the mia-
plane. Figure 4 shows actual failed specimens, illustrating the
variability in crack location. The locations of the roller supports
and applied load are shown schematically in Fig. 5.

FIG. 4—Failed short beam specimens.
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FIG. S— Ploned region for stress and strain maps.
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The GAMNAS analysis yielded stress profiies for the specimen
under load. which are shown as Figs. 6. 7. and & On the basis
of the data shown in Table 3. u foad of 4448 N (1000 Ibs) was
selected for these calculations. These figures show one half of
the y-z plane. The coordinate system can be understood in terms
of Fig. 1. which also shows the y-z plane. The origin of the
coordinate system is at the midplane directly beneath the load
nose. Thus, the load is applied at the point (0. ¢,,./2). and the
supports are located at the points (¢, —1,.,/2). A schematic
representation of this region is shown in Fig. 5.

Figure 6 maps the peel stress o, .. The tigure shows high values
of compressive stress near the load nose and the support and
relatively small values of peel stress elsewhere.

167

Swwens, GPa

FIG. 6—Map of peel stress.
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FIG. 7—Map of chordwise stress.

Figure 7 maps the chordwise stress o This figure is much as
would be expected. with a typical bending-stress profile and the
largest magnitudes near the toad nose. As a cheek for reason-
ableness. a two-dimensional plot of o, appears on the insert to
Fig. 7. These values are taken at v — 7.9375 mu (L3125 in),
a location well removed from the stress concentrations at the
load nose and support, and are shown as the light line on the
plot. The dashed line graphs the o, values predicted tfrom iso-
tropic beam theory for & homogencous beam with smeared prop-
erties. This simple model well represents the mugnitude and
trend of the finite clement data. as it should.

The map of the shear stress o, shown in Fig. 8. is the most
significant. Major deviations from the parabolic stress profile
expected from beam theory are seen. High values of shear stress
are found near the load nose and support. The maximum stress
values between the load nose and support are consistent with
the predictions of beam theory. This is shown by an insert plot
similar to that of Fig. 7.

In summary. the beam-theory analysis used to derive Eq |
significantly underestimates the magnitude of the stress bencath
the load nose and near the support. while adequately predicting
1t elsewhere.

Fuailure Predictions —Figures 6. 7, and 8 indicate that it is un-
fikely that damage inttiates at the specimien free ends. which are
nearly stress frec. To confirm this. failure of the specimen was
analyzed. using the maximum-strain criterion. Stress data from
each clement in the GAMNAS model were converted to strain
data. and these strains were compared to the material strain to
failure. The strains to failure for the fiber. matrix. and shear
orientations are 11 100, 6800, and 20 000 pe respectively. ‘i ne
fraction of the critical strain in the fiber. matrix. and shear ori-
entations was calculated, and the largest of these was selected.
with the assigned data values capped at 10077 of strain to failure.
The resulting data provide a map of nearness to failure at cach
location in the specimen and are shown in Fig. 9. The load used
for this figure is S338 N (1200 1bs). This is similar to the actual
failure foads.

0.6 — . :

7.94 mm

10* Stress at Y

Stess, GPa

FIG. 8—Map of shear stress.
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FIG. 10—Map of fraction of cruical strain as a result of chordwise
stresses.

Figures 10, 11. and 12 show nearness to failure maps for the
three stress components: chordwise. peel. and shear. Considered
along with Fig. 9. they offer insights into the possible causes of
failure at various locations. For example, Fig. 9 shows that failure
is imminent in the region near the load nose: reference to Figs.
10, 1, and 12 shows that this is primarily due to chordwise
stresses, although peel and shear stresses could also contribute.
Failure as a result of crushing is also incipient near the support.
and failure as a resuit of chordwise stresses below the midplane
near the load nose is also a possibility. In contrast. the midplane.
where beam theory predicts the largest shear stresses. is the
region least vulnerable to failure. This is consistent with the
observed cracks in the tested specimens. which failed below the
midrlane and sometimes above it, but never on or near the
midplane.
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The maximum strain-to-failure map of Fig. 9 was madified to
include additional failure modes observed by McCleskey® for
laminates made of glass-epoxy material. McCleskey's laminates
consisted of eight plies. each of thickness (.8255 mm (0 0325
in.). and were of layup [90/ — 45/45/0],. When these speamens
were tested in three-point bending. a (° ply ncar the midplane
was observed to crack at an angle of 457 to the midpane. as
shown in Fig. 13. McCleskey suggested that these failures were
due to the state of nearly pure shear near the specimen midplane
resolving itself into a tensile stress at a 45° angle to the midplane.
This stress would act upon the matrix of a 07 ply.

'S. F. McCleskey. private communication. 31st AIAA ASME ASCE
AHS/ASC Structures. Structural Dynamics and Materials Conference.
Long Beach, CA. 2-4 April 1990,
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This effect could be modelled as shown in Fig. 14, 1t is assumed
that any normal stress in the y-z plane leads to matrix-driven
failure in a 0° ply. Thus, to determine the maximum effect of
normal stresses upon such a ply, it is necessary to determine the
largest normal stress operating in the y-z plane:if r | is assumed
to be zero. then this largest normal stress is the principal stress
with the largest magnitude. The percentage of strain to failure
can then be calculated using this largest principal stress. and the
appropriate tensile or compressive modulus for loads applied
normal to the fibers.

A similar phenomenon might take place in the 45° plies. lead-
ing to a failure surface as shown in Fig. 15. To predict this second
additional failure mode. it would be necessary to determine the
traction normal to the fracture surface shown in this figure. and
therefore. to perform a three-dimensional stress transformation,
assuming the out-of-plane stresses to be zero. The percentage of
strain to failure for this fracture mode could then be calculated
using the traction resolved on this face, and the appropriate
tensile or compressive modulus for loads applied normal to the
fibers.

The analysis that produced Fig. 9 was modified to include the
two additional failure modes and was repeated. with results as
shown in Figs. 16, 17. and 18. The areas in which Figs. Y and 16
differ are. therefore. areas in which one of the McCleskey failure
modes detcrmines fracture. Comparison of Figs. 9 and 16 shows
one change as a result of these new modes of failure: some
interior plies become much more highly strained in the region

P
45° FRACTURE

FIG. 13— First McCleskey fatlure mode.

ZERO-DEGREE
PLY

FIBER

DIRECTION
OF MAXIMUM
PRINCIPAL STRESS

FIG. 14— Modelling of first McCleskey fatlure mode

between the load nose and the support. These are O plies, with
the new faitlure mode being the one shown in Fig. 15, Figures
17 and 18 show the contributions of the two wdividual MeCleskey
failure modes. In summary. Fig. 17 includes the two tilure modes
observed by McCleskev. By comparison with Fig. 9. the map of
Fig. 16 shows a significantly imcreased nearness to failure e the
interior of this specimen. While there is not cnough of anincrease
to make this a principal initial failure location. the possibility of
cracking in the interior of the specimen is significantly enhanced.

Strain Energy Release Rate Analvsis—EAL modelling was used
to construct strain energy release rate profiles at three focations,
In the first profile, a crack of length 1.778 mm (11,07 in.). centered
beneath the load nose. was considered. [t was necessary to make
the crack this length to distance the crack tip from the regron of
the symmetry plane used in the model. A schematic of the mesh
is shown in Fig. 2 for a crack between the 45— 45 plies at In-
terface 32. This crack was assumed at cach of the varous inter-
faces. and the resulting strain energy release rates were caleu-

Z

45" FRACTURE

FIG. 15— The second McCleskev fatlure mode.
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FIG. 18— Mup of traction of crincal strain as a result of second McCleskey
Satlure mode.

lated. This addressed specimen behavior in the region of maximum
absolute chord stress and peel stress. In the second profile. this
was repeated for an assumed crack of length 0.254 mm (0.01
in.), centered 10.16 mm (0.40 in.) from the load nose. near the
region of maximum absolute shear stress. Finallv. a crack of
length 2.54 mm (0.10 in.) was assumed at the free end. suggested
by initial observation to be the site of crack initiation. The applied
load in all cases was 3448 N (10(X) Ibs). as with the stress maps.

The profile for the assumed crack near the free end showed
what Figs. 6. 7. and § suggest: negligible values of the strain
energy release rate. too small to produce failure. The data for
the first two profiles appear as Fig. 19. The distance v is as defined
in Figs. 6. 7, and &.

Note that all data points shown in Fig. 19 are taken from
locations at least 1.0'6 mm (0.04 in.) from the surface of the
specimen. Thus. for all data points. the peel stress is negligible.
as indicated by Fig. 6. Consequently. crack growth is predomi-
nantly Mode 1I. The spikes in the  distribution result from
variations in elastic properties from ply to ply.
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FIG. 19— Strain energy release rate data from FAL

As shown in Fig. 19. the strain energy release rate for assumed
interlaminar cracks beneath the load nose increases rapidly as
the flaw is placed nearer to the point of application of the load.
However. for flaws assumed in the range of high shear stress
away from the load nose. strain energy release rates remain
relatively negligible. Figure 19 shows that cracking can occur in
plies near the load nose. but is unhikely away from this region.
This supports the data of Fig. 9, which indicate that overstress
failure is found in this same region.

Results of Fractographic Analvsis

Microscopic analysis of a failed specimen showed several per-
tinent features. many of which were visible with the naked eve
after the specimen had been sputter-coated. Directly bencath
the load nose. many cracks were observed running perpendicular
to the direction of load application. One such is shown in Fig.
20. This crack was approximately 6.35 mm (0.25 in.) long and
was found beneath the load nose. above the midplane.

Figure 21 shows some smailer flaws in the samc icgon.. The
presence of such flaws supports the analvtical determination that
extensive damage as a result of crushing in this region will lead
to the growth of cracks.

Figure 22 shows the failure of a 457 ply beiow the mudplane.
near the load nose. This plv has experienced matnix failure,
splitting in two along the fiber direction. This supports the an-
alytical prediction of ply failure in this location as a result of
chordwise stresses.

The presence of matrix failure suggests an explanation for the
failure of all specimens below the midplanc. In this region. the
chordwise stresses are positive, leading to possible tensile tatture
of the matrix. which is more likely to jead to compiete specimen
failure than is the compressive failure which is to be found above
the midplane.

Conclusion

Finite-element analyses have been used to describe the be-
havior of a quasi-isotropic short beam specaimen. Short beam
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FIG 20 - Crack beneath loud nose

—

0.001 in.

FIG 21 = Sl cracks beneath load nose

specimens have been tested and the results compared with the
analyses. and the fracture surfaces of failed specimens have been
examined.

Fractographic analvses show that numerous small cracks are
created directly beneath the toad nose. possibly causing fracture
to proceed from this location. This s supported by the presence
of large magnitudes of peel, shear. and chordwise strossesan the
vicinity of the load nose. as shown by the FEM analyvais. and by
comparison of strain vnergy release rate values obtained at the
same locations.

The following mechanism may be postulated. Stresses cause
matrix failures beneath the load nose. Above the nudplance, this
failure is caused by crushing stresses in the o direction: below

FIG. 22 — Mar farlure of a 45 ph

the midplane. it s caused by chordwise tensile stresses. These
regions of damage are sites from which delamination cracks can
propagate. Eventually. the region bencuth the midplane becomes
sufficiently damaged to produce a delamination that will prop-
agate to fallure. The cracks ongiating above the midplane are
subjected to g compressive chordwise stress and to a furger com-
pressive pecl stress.

The strength of matenals method neglects the chordwise and
crushing loads which are the driving forees causing failure in this
type of specimen. Therefore, the three-point short-beam shear
test does not measure the interfaminar shear strength of o quasi-
wotropic lamimated composite. Because of the interaction of
damage modes in this configuration. the quantitative duta canmot
be interpreted as a measure of a simiple. isolated tailure mode.
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